Introdu43ion
.-Excellent resolution of the Schottky contributions to the heat capacities of Pr(OH)3,(1) Eu(OH)~,(') 'IIJ(OH),,'~) and the light lanthanide trichlorides'4' has been achieved through application of a lattice heat-capacity approximation scheme based upon an interpolation between the lanthanum and gadolinium analogs weighted by the molar volumes along the lanthanide isoanionic series.('-3) This empirical approximation effectively emphasizes the apparent dominance of volume over massC5' as a determining factor of the lattice-contribution trend along the series over the temperature region of major cryogenic entropy augmentation. Recent heat-capacity measurements performed upon the isostructural diamagnet Y(OH)3 provide significant insight into the physical origins of the observed trends. (6) We here present heat-capacity measurements between 11 and 350 K performed upon the heaviest lanthanide trihydroxide yet investigated, HOG, to determine whether the lattice approximation scheme can be successfully extrapolated to include the heavier series members.
Experimental PREPARATION 
AND CHARACTERIZATION OF THE SAMPLE
The calorimetric sample was obtained as a loan from S. Mroczkowski of Yale University (Becton Center, Yale University, New Haven, Connecticut 06520, U.S.A.). The preparative technique has been described previously."' Powder X-ray diffraction (performed at the University of Michigan) using a 114.6 mm Hlgg-type Guinier camera (Cu Kcr, radiation, i = 0.15405 nm) with silicon (a = 0.543062 nm) as an internal standard showed only the hexagonal UCl,-type structure reported for all of the lanthanide trihydroxides. (*) The most probable impurity, HoOOH, exhibits an intense (001) reflection which would have been detected readily if present.
THE CALORIMETER AND CRYOSTAT
A mass 41.323 g of finely powdered Ho(OH), were loaded into a gold-plated copper calorimeter (laboratory designation W-50) provided with a screw-type closure involving a stainless-steel knife edge and an annealed gold gasket. The loaded calorimeter was evacuated and then, after the addition of 2.87 kPa of purified He gas to facilitate thermal equilibrium, was sealed. A small mass of Apiezon-T grease was placed in the thermocouple and heater/thermometer wells of the calorimeter to provide good thermal contact between the heater, the temperature sensors, and the calorimeter. Buoyancy corrections used to obtain the mass were based upon the crystallographic density calculated from the mean of the lattice parameters (6.02 g cme3) listed in table 1. Heat-capacity measurements were made over the 12 to 350 K range in the Mark II adiabatic cryostat, which has been described previously('4' with calibrations and constraints already noted.") The heat capacity of Ho(OH), may be represented by a simple sigmoid curve from 1 I to 350 K. Below 11 K thermal equilibration was much too slow to allow proper maintenance of adiabatic conditions. This problem was previously noted during measurements performed on other finely powdered lanthanide trihydroxides and may have been due to absorption of the He exchange gas by the sample." -3) The experimental heat capacities were processed by subtraction of the heat capacity due to the empty calorimeter (determined separately) and by correction for small differences in the amounts of helium gas, of 50 mass per cent (lead + tin) solder, and of stainless steel, relative to that of the empty calorimeter. Curvature corrections were applied to obtain true heat capacities [i.e. lim (M/AT),, ='C, as 0] paper R = 8.3143 J K-r mol-' so that AT's employed usually can be estimated from adjacent mean temperatures. Figure 1 shows our experimental heat capacity of HOG between 11 and 350 K and the curve of Meissner" 3, from 1 to 19 K. These results were curve-fitted to a power series in the range 0.66 to 19 K as interpreted by Catanese and Meissner." 5, Meissner's measurements (l 3, had been adversely criticized by Catanese. (l') Our results were curve-fitted to a power series in orthogonal polynomials in reduced temperature as described by Justice.'i6) Appropriate RT   10  15  20  25  30  35  40  45  50  60  70  80  90  100  110  120  130  140  150  160  170  180  190  200  210  220  230  240  250  260  270  280  290  300  310  320  330 
LOW-TEMPERATURE ENTHALPY AND ENTROPY INCREMENTS
The measurements of Meissner clearly exhibit a h-transition at 2.54 K (see figure 1 ) associated with the magnetic ordering of the Ho3+ ions. The ground state of Ho(OH), is a doubIet; therefore, this ordering will result in an R In 2 entropy contribution.
Below 30 K the lattice contribution is approximated by the method described in this paper while the Schottky contribution is calculated from the reported Stark 1eveIs. The cooperative magnetic entropy and enthalpy increments at 30 K were taken as (R In 2) and (2.54 K R In 2), respectively. By summing the lattice, Schottky, and cooperative magnetic contributions, the thermophysical functions are evaluated at 30 K. Values below this temperature are obtained by subtracting the calorimetrically obtained increments from the values deduced for 30 K. No significant cooperative magnetic entropy contribution is anticipated above 30 K.
RESOLUTION OF THE LATTICE AND SCHOTTKY CONTRIBUTIONS
The lattice heat-capacity contribution of HOG was resolved by extrapolation of the observed variation of the lattice heat capacity between La(OH), and Gd(OH),, weighted by the fractional molar-volume variation along the series:
in whichfmay be expressed in terms of the molar volumes of La(OH)3, Gd(OH)3, and Ho(OH),." ' The asterisk indicates that the heat capacity associated with the cooperative antiferromagnetic anomaly of Gd(OHh has been deleted.
The value off(Ho(OH),} based upon the mean of the lattice parameters listed in table 1 is found to be 1.31. The heat capacities and lattice parameters of La(OH), and Gd(OH), have been reported previously. (') Deduction of the approximate lattice contribution from the HOG total heat capacity results in the curve designated the "'calorimetric" Schottky contribution in figure 2 .
The absorption spectrum of concentrated Ho(OH), has been investigated by Scott(") at both 77 and 4.2 K. However, as seen in table 4, only the lowest 2 of an anticipated 10 excited Stark wavenumbers within the ground '1, J-manifold were observed. Several Stark wavenumbers associated with higher-lying J-manifolds were also observed ; however, the overall spectrum was, "too sparse to permit a reliable determination of the crystal-field parameters ". concentrated analog (e.g. Pr 3+-doped LaCl, against concentrated PrCl,) can lead to discrepancies in the calculated Schottky contribution which may be readily detected calorimetrically. This difference is anticipated to be small for {Y(OH), -Ho(OH),j because the lattice parameters of both are nearly identical. Indeed, the first two excited Stark wavenumbers of the 5Zs manifold for Ho3+-doped Y(OH), and concentrated Ho(OH), are within 0.4 cm-' of each other. This does not necessarily prove that higher wavenumbers will be as nearly identical; however, it is a strong indication that Ho3+-doped Y(OH), Stark-level wavenumbers may be used to estimate those of concentrated Ho(OH),.
Scott"*' observed a total of 31 transitions originating from 4 levels of the 5Z, ground J-manifold and terminating in 13 levels of the 'F5, 5F4, and 5F3 excited Jmanifolds. The energy-level assignments were confirmed by Zeeman experiments. The four observed wavenumbers within the 5Z8 J-manifold are listed in table 4. Although only one additional Stark level within the ground J-manifold was observed, the results (on 17 levels) are sufficient to allow deduction of the four crystal-field parameters necessary to estimate the wavenumbers of the unobserved Stark levels. The crystal-field parameters deduced by Scott are listed in table 5. Because Scott reported only the center of gravity calculated for the '1, Z-manifold, we use the deduced crystal-field parameters to calculate the individual wavenumbers of the '1, Stark levels of Ho3+-doped Y(OH),. Our calculations follow the procedures detailed by Stevens, (19) Elliot and Stevens,"') Judd,"') and Hutchings,'22' and do not include the effect of Z-mixing. Scott's calculations did include J-mixing; however, he found this effect to be quite small. Indeed, the largest relative shift of any two levels within the same manifold caused by Z-mixing was less than 2 cm-'. These shifts readily explain the small difference in the center of gravity that we calculate (174.0 cm -' ) and that calculated by Scott (174.4 cm-') for the '1, Z-manifold. Uncertainties of this magnitude in the Stark-level wavenumbers have a negligible effect on the calculated Schottky heat-capacity contribution. The calculated wavenumbers and degeneracies of the 5Z, manifold are listed in table 4 and were used to derive the "calculated" Schottky contribution represented by the uninterrupted line in figure 2. 
Discussion
Below the maximum Schottky contribution (near 90 K) the agreement between the "calculated" and "calorimetric" curves is seen to be excellent. The small positive deviation of the "calorimetric" relative to the "calculated" curve near the lowest temperatures of this study almost certainly arises from neglect of the small cooperative magnetic contribution anticipated in this region (since Ho(OH), orders ferromagnetically near 2.54 K). Above 90 K the "calorimetric" and "calculated" curves gradually diverge until they differ by approximately O.l8C/R near 350 K. Although this quantity is only 1. The origin of the observed divergence can be attributed to one of three effects. 1. The lattice approximation method employed may not be entirely valid when an extrapolation of the magnitude necessary in this instance must be used. 2. Since only the lowest-energy Stark levels of the 'Za manifold were actually observed, significant deviations between the Ho3+ -doped Y(OH), and Ho(OH), 5Z, Stark may have been undetected. It is interesting to note that at low temperatures, where the experimentally observed levels are predominantly responsible for the Schottky contribution, the agreement with the calorimetrically deduced curve is excellent. 3.
The additional excess heat capacity observed for HOG at high temperatures may be due to an unforeseen contribution which has not been taken into account (e.g. the low-temperature "tail" of a structural phase transition). Planned heat-capacity measurements on Er(OH), could lend important insight into the source of the divergence between Schottky heat-capacity curves for Ho(OHb.
The principal advantage is that the spectroscopic properties of Er(OH), are well known@') and do not present the problems associated with the coupled '1s ground state of Ho(OH),.
In conclusion, the relatively large uncertainty in the spectroscopically deduced Schottky contribution for Ho(OHb precludes definitive ascertainment of the success of the lattice approximation above 100 K, when applied to the heavier lanthanide trihydroxides; however, at lower temperatures the lattice approximation is shown to be excellent. Experiments planned for Er(OH), will provide a better test of the lattice approximation at higher temperatures for the heavier series members.
